I. INTRODUCTION
Along with a traditional wide range of applications in microelectronics, 1,2 silicon nitride (a-SiN x :H) films deposited by plasma enhanced chemical vapor deposition ͑PECVD͒ have recently also gained deep interest from the photovoltaics industry. The application of a-SiN x :H films is regarded as one of the most promising antireflection ͑AR͒ and defect and impurity passivation schemes for solar cells based on low-cost silicon materials, such as multicrystalline silicon ͑mc-Si͒ and Si ribbons. 3 Plasma deposited a-SiN x :H films are well suited to reduce reflection losses of light incident on Si solar cells due to the combination of a good optical transparency with a tunable refractive index, 4,5 but at the same time also a variety of electronic defects ͑intrinsic or extrinsic͒ of mc-Si can be passivated by applying a hightemperature step to the a-SiN x :H layer. When passivated, these defects do not act as recombination traps for photogenerated minority charge carriers within the Si band gap. Furthermore, a-SiN x :H films can also lead to efficient reduction of recombination losses at the surface of the Si solar cells ͑i.e., surface passivation͒.
A number of studies have been devoted to elucidate the underlying mechanisms of surface and bulk passivation of Si solar cells as induced by a-SiN x :H. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Bulk passivation can be achieved by a short high-temperature step, the socalled firing process, which is used for the application of screen-printed metallization of a-SiN x :H coated mc-Si solar cells. During this firing process, defect passivation in Si is obtained by hydrogen species that are released from the a-SiN x :H film and that diffuse into Si. In several studies, models have been proposed for the diffusion of these hydrogen species into silicon in the form of atomic hydrogen ͑H͒, molecular hydrogen (H 2 ), and ammonia (NH 3 ). 10, 11 Furthermore, vacancy-hydrogen complex generation and Alenhanced void generation have been suggested to occur dur- ing the firing process of screen-printed Al-based contacts. [12] [13] [14] [15] [16] Furthermore, the retention of the atomic hydrogen at defect sites during the rapid cooling of the cells immediately after the firing process to obtain enhanced passivation effects has been considered. 15, 16 An important issue for the application of a-SiN x :H films in the photovoltaic industry is the deposition rate of the a-SiN x :H. Increasing the deposition rate is a real challenge in large-scale solar cell production because at higher deposition rates investments in equipment can be kept relatively low reducing the costs per wafer processed. In our recent work, 17, 18 the expanding thermal plasma ͑ETP͒ technique has been shown to provide bulk passivating a-SiN x :H layers at high deposition rates. These deposition rates of the ETP a-SiN x :H films are in the range of 1-20 nm/s and are much higher than those of a-SiN x :H deposited by conventional PECVD methods ͑typically, 0.1 nm/s͒. 19 The ETP technique belongs to the class of remote PECVD techniques with as major advantages over the direct plasma techniques: ͑i͒ independent control of the processes in the downstream region, ͑ii͒ decoupling of the plasma parameters, ͑iii͒ and almost no ion bombardment on the substrate. Ion bombardment can, however, be applied by the application of an external bias voltage to the substrate.
Although significant progress has been made recently in terms of passivation of solar cells by plasma deposited a-SiN x :H films, there is still no complete understanding of the mechanism of bulk passivation by a-SiN x :H for mc-Si solar cells. This is partially due to an insufficient understanding of the fundamental properties of the a-SiN x :H that affect hydrogen release and hydrogen diffusion into mc-Si, such as the atomic composition, microstructure, density, and hydrogen bonding types. Especially, the dependence of the bulk passivation on these a-SiN x :H properties has not been addressed in detail. The motivation for the work presented in this article is, therefore, to study how a-SiN x :H film properties are related to the degree of bulk passivation obtained after the firing process. In particular, a-SiN x :H films deposited by remote plasmas at high deposition rates have been investigated: ͑i͒ a-SiN x :H films deposited by the ETP technique from a N 2 -SiH 4 gas mixture ͑deposition rate is ϳ8 nm/s); ͑ii͒ a-SiN x :H films deposited by the ETP technique from a NH 3 -SiH 4 mixture (ϳ4 nm/s); and ͑iii͒ a-SiN x :H films deposited by a remote microwave ͑MW͒ plasma operated on a NH 3 -SiH 4 mixture (ϳ0.7 nm/s). To examine the influence of the firing process, the compositional and optical properties of the films have been systematically studied before and after a high-temperature step that mimics the heat treatment of the film during the firing process. The film diagnostics used are elastic recoil detection ͑ERD͒ analysis, spectroscopic ellipsometry ͑SE͒, and Fourier transform infrared ͑FTIR͒ spectroscopy.
II. EXPERIMENTAL DETAILS

A. Film preparation and high-temperature step
Silicon nitride films have been prepared by two different remote plasma deposition techniques. The expanding thermal plasma has been used for the preparation of a-SiN x :H films at the Eindhoven University of Technology while the MW PECVD technique has been employed at the Energy research Center of the Netherlands ͑ECN͒. Three different types of a-SiN x :H films have been investigated for comparison purposes: ͑i͒ ETP deposited a-SiN x :H films deposited from a N 2 -SiH 4 gas mixture, ͑ii͒ ETP deposited a-SiN x :H films deposited from a NH 3 -SiH 4 mixture, ͑iii͒ and MW deposited a-SiN x :H films deposited from a NH 3 -SiH 4 mixture. For convenience, these three types of a-SiN x :H films will be referred to as ''ETP N 2 ,'' ''ETP NH 3 ,'' and ''MW NH 3 '' films, respectively. The ETP deposition system has been extensively described in the literature, [19] [20] [21] and it will be described only briefly here. In a cascaded arc plasma source, a thermal plasma is generated at subatmospheric pressure (ϳ40 kPa) by running a dc current through a small plasma channel operated on pure Ar ͑when using NH 3 ) or a mixture of Ar-N 2 -H 2 ͑when using N 2 ). Driven by a large pressure gradient, this nondepositing plasma expands into a lowpressure (ϳ20 Pa) downstream deposition chamber. In this downstream region, a mixture of NH 3 -SiH 4 or pure SiH 4 is injected into the plasma expansion region when working with NH 3 or N 2 , respectively.
The resulting reaction products, which are created by the interaction of reactive species emanating from the plasma source, deposit on the substrate holder located at a distance of 70 cm from the plasma source. This specific plasma source to substrate distance was chosen because it yields a reasonable uniform film thickness on a substrate area of 100 cm 2 . 19 Substrates can be placed at the substrate holder which is made of aluminum and positioned on a yoke. The yoke can be heated up to 500°C using Ohmic heating. The substrate temperature was maintained at 350°C for the deposition of the a-SiN x :H films presented in this study. The thermal contact between the yoke, substrate holder, and substrate is optimized by a He backflow, leading to a maximum temperature difference of 15°C between the yoke and substrate. 19 A wide range of ETP a-SiN x :H films, from N rich to Si rich and with different hydrogen concentrations, has been prepared using different plasma operating conditions. The gas flows and other discharge parameters for the ETP deposited a-SiN x :H films from N 2 -SiH 4 and NH 3 -SiH 4 gas mixtures are given in Table I . The corresponding deposition rates are, typically, ϳ8 and ϳ4 nm/s for the ETP N 2 and ETP NH 3 films, respectively.
The MW remote PECVD system at ECN has been developed in cooperation between ECN and the company Roth & Rau and has been reported on previously. [22] [23] [24] The in-line system at ECN, which consists of loadlock and preheating and cooling compartments, is capable of processing 150 wafers (10ϫ10 cm 2 size͒ per hour in a continuous process. The plasma source is situated in the middle compartment of the reactor and consists of a quartz tube with a Cu antenna inside. The source, operating at a microwave frequency of 2.45 GHz, includes an arrangement of permanent magnets for electron confinement in the plasma. The plasma is operated on NH 3 , which is injected close to the quartz tube. In the downstream region, SiH 4 is injected into the plasma. The a-SiN x :H films presented in this article have been deposited at a substrate temperature of 350°C and in the pressure range 2-30 Pa. Some of these conditions have systematically been optimized to obtain a-SiN x :H films with optimum bulk passivation performance. Table II gives the pressure and flow ratio used for the MW deposited a-SiN x :H films. The deposition rate is, typically, 0.7-1.0 nm/s. The substrates used for both the ETP and MW deposited a-SiN x :H films are 2.5ϫ2.5 cm 2 pieces of monocrystalline silicon wafers ͑100, float zone ͑FZ͒, p type, 500 m thick, 10-20 ⍀ cm͒ covered with approximately 2-nm-thick native oxide. For each deposition condition, two a-SiN x :H samples have been prepared in one deposition run. One of the samples has undergone the high-temperature step, while the other sample is analyzed as deposited for comparison purposes. The high-temperature step has taken place in an infrared lamp heated belt furnace at ECN, which is also used for the firing process of screen-printed metallization of the mc-Si solar cells. The furnace temperature (700-800°C) and operating time ͑less than 1 min͒ is specifically optimized for solar cells coated with a-SiN x :H deposited with the remote MW plasma.
B. Film analysis
The composition of the a-SiN x :H films as well as the areal density ͑expressed in atoms/cm 2 ) of the different type of atoms present in the material, has been determined by heavy ion ERD analysis at Utrecht University. 25 For these measurements a 54 MeV 65 Cu 8ϩ beam was directed at the sample under an angle of 20°with the surface. The beam spot on the samples was approximately 12 mm 2 (3 mm ϫ4 mm) for all measurements. Particles recoiled from the sample at an angle of 30°with the incoming beam were identified and energy analyzed by means of an ionization chamber. The resulting energy spectra were converted into concentration depth profiles of the elements present in the sample. Special care has been given to hydrogen. In the case of large hydrogen concentrations, hydrogen tends to desorb from the layers under heavy ion irradiation. 26 Therefore, the hydrogen concentrations were determined in a separate measurement using a solid state detector with a large opening angle. During this measurement the hydrogen content in the film was monitored as a function of ion dose and extrapolated to its initial value. The atomic density of the films has been quantified by dividing the areal density from ERD by the thickness of the films as determined by spectroscopic ellipsometry. The inaccuracies in the atomic densities and concentrations are less than 5%.
The optical and infrared vibrational properties of the a-SiN x :H films have been examined by ultraviolet-visible SE and FTIR absorption spectroscopy. The spectroscopic ellipsometer used is a rotating-compensator type of instrument ͑J.A. Woollam, M-2000U͒, which measures the ellipsometric spectra in the wavelength range 245-1000 nm with the resolution of 470 wavelengths. From the spectroscopic ellipsometric data, the wavelength-dependent optical constants ͑the refractive index n and extinction coefficient k) and the film structure have been determined by optical modeling. [27] [28] [29] The Tauc-Lorentz dispersion model proposed by Jellison and Modine 27 has been adopted to describe the spectroscopic optical constants of the a-SiN x :H films. Despite the complex mathematical description, the parametrization equation requires only four parameters and is well suited to fit optical functions of a variety of amorphous materials such as a-Si:H and a-SiN x :H. 27 For the SE data analysis, we used a multiple layer model consisting of ͑i͒ ambient; ͑ii͒ a surface a-SiN x :H layer ͑50% voidϩ50% bulk a-SiN x :H); ͑iii͒ bulk a-SiN x :H layer; ͑iv͒ native oxide (SiO 2 ); and ͑v͒ monocrystalline Si substrate. The thickness of each layer and the dispersion parameters have been determined simultaneously by a nonlinear regression method in the analysis software. Prior to the measurements, a bare silicon substrate has been measured to define the thickness of the native oxide layer and the angle of incidence of the measurements. An initial guess for the dispersion model parameters has been extracted from the values reported for amorphous silicon nitride in the literature. 4, 27 The error bars for the optical data are, typically, within the symbols of the data points for the figures presented.
The information on the hydrogen content and its bonding configurations has been obtained by infrared absorption spectroscopy using a Fourier transform infrared spectrometer ͑Bruker Vector 22͒ with a resolution of 4 cm Ϫ1 . The measurements were performed at normal incidence to the substrate. The substrate transmittance spectrum was measured before deposition and the transmittance spectrum of the combination ''substrate film'' was measured immediately after TABLE I. Plasma conditions used for the deposition of a-SiN x :H films by the ETP technique using N 2 ͑''ETP N 2 ''͒ and NH 3 ͑''ETP NH 3 ''͒ as N-containing precursor gas. The total flow rates of the N-containing and Si-containing precursor gases have been kept constant at 18 sccs ͑standard cm 3 deposition on the same spot. This procedure gives a reliable background for the transmittance spectrum in order to extract the absorbance of the film. The absorption coefficient of the a-SiN x :H film was deduced from the spectrum taking into account the fringes caused by interference in the film as has been described in Ref. 30 . The values of the film thickness that can be obtained by this method are in good agreement with those determined by SE. From the infrared absorption coefficient, the integrated absorption intensity I of the absorption bands has been calculated by the relationship 31
in which ␣͑͒ is the absorption coefficient and the infrared frequency. The effective peak frequency eff of the absorption bands has been calculated as the center of gravity of the bands using the equation 32
III. COMPOSITIONAL AND OPTICAL FILM PROPERTIES
A. Properties of the as-deposited films
ETP deposited a-SiN x :H films from N 2 -SiH 4 and NH 3 -SiH 4
Silicon nitride films have been deposited by the ETP technique under the conditions described in Table I, For both types of the films, the ͓N͔/͓Si͔ ratio increases with increasing R. This is a common behavior of the plasma deposited a-SiN x :H films. However, the ETP N 2 films show a substoichiometric ͓N͔/͓Si͔ ratio even at high values of R while the ETP NH 3 films show a stoichiometric composition at high R.
The hydrogen concentration in the films shows no clear dependence on R. The H content is in the range of 14 -22 at. % for the ETP N 2 films, and in the range of 16 -19 at. % for the ETP NH 3 films. Striking is the presence of a significant amount of oxygen atoms ͑6 -27 at. %͒ in the ETP N 2 films. These oxygen atoms are incorporated after deposition when the films are exposed to air. This is concluded from the low oxygen concentration for the ETP NH 3 films and for ETP N 2 films deposited at shorter plasma source-substrate distances. 19 Furthermore, the base pressure in the ETP reactor is 10 Ϫ4 Pa while pumped with a 450 l/s turbopump. Postdeposition oxidation has been also reported for rf PECVD a-SiN x :H films deposited at low temperature. 33 It should be mentioned that the given concentrations are taken from the bulk region of the ERD depth profiles. The ETP NH 3 films as shown in Fig. 2 contain a much lower bulk concentration of oxygen, while some additional oxygen is detected on the surface of the samples. Permeation of the ambient oxygen species into the bulk reflects a porous microstructure of the ETP N 2 films. This indicates structural differences between the two types of the films deposited from N 2 -SiH 4 and NH 3 -SiH 4 , which are formed by different gas-phase chem- istries and by different plasma-surface interactions as investigated in the literature. 34 -37 The optical properties as shown in Figs. 1 and 2 are found to be fully tunable by the film composition, which itself is controlled by the flow ratio R. As R increases, the refractive index n decreases while the optical band gap E 04 ͑defined as the energy where the absorption coefficient equals 10 4 cm Ϫ1 ) increases. The variation of the optical constants as a function of R implies structural changes in the film from semiconducting-like ͑low-band-gap and high-absorption͒ Sirich films to dielectric ͑high-band-gap and low-absorption͒ N-rich films for the ETP N 2 and ETP NH 3 films as shown in Figs. 1 and 2 . The fact that the optical properties of the a-SiN x :H films are tunable over a wide range is very important for optoelectronic applications.
MW deposited a-SiN x :H from NH 3 ÕSiH 4
The MW NH 3 films have been deposited under the conditions described in Table II . Figure 3 shows the composition and optical parameters of the MW NH 3 films as a function of pressure in the in-line deposition reactor. It is observed that the pressure does not significantly influence the properties of the films obtained, except for one film that is deposited at 10 Pa and with a higher SiH 4 partial pressure. The hydrogen content of the MW NH 3 films is slightly higher than 10 at. % and is much lower than those of the ETP films as shown in Figs 1 and 2 . Furthermore, almost no oxygen contamination was observed (Ͻ0.2 at. %). This implies a higher density for the MW NH 3 films compared to the films deposited by the ETP technique.
Material properties versus the [N]Õ[Si] ratio of the a-SiN x :H films
To investigate and compare the material properties of the three types of a-SiN x :H films, the film properties are considered as a function of the ͓N͔/͓Si͔ ratio x of the a-SiN x :H films. Figure 4 gives the variation of the refractive index n ͑at 2 eV͒ and the optical band gap E 04 determined by SE as a function of x. It is observed that both n and E 04 show a clear dependence on x and that the optical properties of the a-SiN x :H films are actually determined by this parameter. However, for some values of x the refractive index n of the ETP N 2 films drops lower than expected on the basis of n of the ETP NH 3 and the MW NH 3 films. This can be attributed to the presence of a considerable amount of oxygen in the films. Since the refractive index of silicon oxide (ϳ1.46) is generally lower than that of a-SiN x :H, the incorporation of oxygen reduces the refractive index of a-SiN x :H compared to the nominal value. Furthermore, for the MW NH 3 films, n is found to be slightly higher than that of the ETP NH 3 films, while E 04 is lower. These observations are most probably associated with the higher density of the MW NH 3 films in comparison with the ETP NH 3 and ETP N 2 films, as will be addressed below. Figure 5 shows the variation of the integrated intensity of the Si-N absorption bands ͓calculated by Eq. ͑1͔͒ and the effective peak frequency of Si-H absorption bands ͓calculated by Eq. ͑2͔͒ as a function of x for the three types of the a-SiN x :H films. It is observed that the intensity of the Si-N absorption increases as x increases in the Si-rich regime (x Ͻ1.0) and seems to saturate when x approaches the stoichiometric value of xϭϳ1. 33 . A similar behavior has been reported in the literature for rf PECVD deposited a-SiN x :H films 32 and can be attributed to the fact that the number of Si-N bonds are maximized for stoichiometric films. However, the Si-N absorption intensity decreases when going from MW NH 3 to ETP NH 3 to ETP N 2 for one constant value of x. This can be attributed again to the lower density of the ETP NH 3 and ETP N 2 films compared to the MW NH 3 films causing a lower areal density of Si and N atoms as revealed by ERD.
Information on the hydrogen bonding configuration in a-SiN x :H films has been obtained from infrared analysis 31 by considering the shift in the effective absorption frequencies of the Si-H stretching mode as shown in Fig. 5͑b͒ . Figure 5͑b͒ shows that the effective frequency of the Si-H stretching mode shifts to higher wave numbers as x increases. This indicates a structural modification in local bonding configuration from Si-to N-rich a-SiN x :H because the frequency of the Si-H mode shifts to higher wave numbers when the mean electronegativity of the backbonded atoms increases due to substitution of Si by N. 38 For some of the ETP N 2 films this shift is even more pronounced than for the ETP NH 3 films at xϭϳ1.0. This can be attributed to the presence of O atoms which have higher electronegativity than N atoms.
B. Influences of the high-temperature process step 1. Compositional properties
After the high-temperature step several changes in the composition of the a-SiN x :H films have been observed in reference to the as-deposited films. Probably the most interesting observation with respect to the application of the a-SiN x :H films for solar cell antireflection coatings is the decrease in H atomic density of the films and the resulting passivation of the underlying Si material. Figure 6 shows the change in the hydrogen quantity before ͑a͒ and after ͑b͒ the high-temperature process as a function of the ͓N͔/͓Si͔ ratio x of the films. The ͓N͔/͓Si͔ ratio itself is not affected by the high temperature step although the atomic densities of both Si and N increase slightly. This reveals that only H is released from the film leading to densification of the film as is discussed below. The amount of hydrogen released has however a strong dependence on the ͓N͔/͓Si͔ ratio of the a-SiN x :H films. In the Si-rich region (xϽ1.0) much more H is released than in the N-rich region (xϾ1.0) in which the H release is relatively small and in some cases not even measurable. This behavior can be related to the difference in bond strength of the Si-H (ϳ3.1 eV) and N-H (ϳ4.1 eV) bonds in the a-SiN x :H films. 39 The change from Si-H to N-H bonds as most abundant bonding type when going from Si-to N-rich films is observed by the infrared absorption measurements that reveal also clearly the influence of the high temperature step. Figure 7 shows the FTIR absorption spectra of the a-SiN x :H films before and after the hightemperature process step. For comparison purposes, samples with a similar value of the refractive index, i.e., nϭϳ2.1, have been chosen for the three different techniques. The material properties of these three films are summarized in Table  III . The spectra clearly show that the high-temperature step reduces the hydrogen content in the films. The hydrogen bonds, represented by the Si-H x (ϳ2000-2250 cm Ϫ1 ) and N-H x (NHϳ3340 cm Ϫ1 and NH 2 at ϳ3450 cm Ϫ1 ) stretching modes, break during the high-temperature step and decrease the integrated intensities of the absorption modes. Figure 7 also shows that the ETP N 2 film experiences the largest loss of H while the H loss in the ETP NH 3 film is much less pronounced. Striking is, however, that the release of bonded hydrogen for the MW NH 3 film is almost negligible as almost no change in hydrogen quantity ͑within the experimental error͒ is observed for the MW NH 3 film. This can once again be attributed to the difference in the film density for these three types of a-SiN x :H films.
The release of H due to the high temperature is associated Si-H͑s ͒ϩN-H 2 ͑ s ͒→Si-N͑ s ͒ϩNH 3 ͑ g ͒, ͑4͒
as proposed by Lu et al. 40 The release of H in the form of H 2 or NH 3 has been reported in mass spectrometry studies during anneal studies. 35, 41 An enhancement of the Si-N (ϳ700-1020 cm Ϫ1 ) stretching mode after the high temperature step is also observed for the ETP NH 3 and MW NH 3 films in Figs. 7͑b͒ and 7͑c͒ , respectively. For the ETP N 2 film in Fig. 7͑a͒ , no enhancement of the Si-N absorption peak is visible which might be related to the presence of Si-O absorption bands (ϳ1070 cm Ϫ1 ) in the spectra. The spectra in Fig. 7͑a͒ show that the film is already oxidized before the high-temperature step takes place and that the Si-O absorption band even increases by the high-temperature step ͑this takes place in dry air͒. Si-N bond formation is significantly influenced by oxygen incorporated in the network for this type of film, which can be regarded as silicon oxynitride (a-SiN x O y :H). The H release and film reconstruction as observed in Figs. 6 and 7, indicate that the Si-rich a-SiN x :H films are less thermally stable than the N-rich a-SiN x :H films. The ETP N 2 films have a much lower ͓N͔/͓Si͔ ratio for a refractive index nϭϳ2.1 compared to the ETP NH 3 and MW NH 3 films. The ETP N 2 films might therefore contain a considerable void fraction and the films experience the largest loss in H by the high-temperature step. The difference in thermal stability for the Si-rich and N-rich, which might also be related to the microstructure of the films, is also supported by the change in mass density of the films, as shown in Fig. 8 . The mass density increases significantly for the Si-rich films (xϽ1.0) while the mass density of the N-rich films (x Ͼ1.0) remains relatively unchanged by the high temperature step. Nearly no change in the mass density is observed for the MW NH 3 films revealing a higher degree of thermal stability of these films compared to the ETP N 2 and NH 3 films. This can again be correlated with the higher density of the MW NH 3 films as can be seen from Table III and Fig. 8 .
Film densification in combination with a significant loss of H atoms occurs due to the thermal activation as takes place during the firing process. Furthermore, densification is a consequence of the decrease in number and size of microscopic voids after the high temperature step. Microscopic voids can, for example, represent the vacant space around H-terminated defects. 42 The loss of H atoms and decrease in microscopic voids lead to a rearrangement and restructuring of the atomic network in the films and as a consequence the average atomic distance between the atoms decreases. Therefore the total atomic density in the film increases while the ͓N͔/͓Si͔ ratio remains approximately constant. It is observed that the densification due to the hightemperature process step is more pronounced in Si-rich (x Ͻ1.0) than N-rich (xϾ1.0) a-SiN x :H films as shown in Fig. 8 . The initially less dense Si-rich a-SiN x :H films experience much more densification. This behavior has been observed before 43 and is in good agreement with the ellipsometric study by Alterovitz et al., 44 who showed that the reduction in void fraction for the Si-rich a-SiN x :H films was larger than for the N-rich stoichiometric a-SiN x :H films during rapid thermal annealing. Figure 9 presents the difference in optical film parameters, i.e., the refractive index, optical band gap, and film thickness, of the a-SiN x :H films before ͑B͒ and after ͑A͒ the high-temperature step. The relative changes in refractive index ͑at 2 eV͒ ⌬n/nϭ(n A -n B )/n B , optical band gap ⌬E 04 /E 04 ϭ(E 04 A -E 04 B )/E 04 B , and film thickness ⌬d/d ϭ(d A -d B )/d B are given as a function of the ͓N͔/͓Si͔ ratio x of the films. The total thickness d is taken calculated from the spectroscopic ellipsometry data of the bulk layer thickness (d b ) and the surface layer thickness (d s ) by the expression dϭd b ϩ0.5d s .
Optical properties
The results in Fig. 9 show that the refractive index n increases after the high-temperature step for the a-SiN x :H films in the Si-rich (xϽ1.0) region, while n remains unchanged for the films in N-rich region (xϾ1.0). The optical band gap E 04 shows a drastic decrease for the Si-rich a-SiN x :H material while for the near-stoichiometric N-rich a-SiN x :H films, the optical band gap is even slightly increased ͑by ϳ3%) by the high-temperature process step. Both observations can again be explained by the fact that the Si-rich material is less thermally stable than the N-rich a-SiN x :H. This is also revealed by the decrease in film thickness of the Si-rich a-SiN x :H films, while the N-rich a-SiN x :H films remain relatively unaffected, except for the over-stoichiometric (xϭϳ1.4) ETP NH 3 film.
The distinct influence of the high-temperature process on the optical properties for the Si-rich and N-rich of a-SiN x :H films can be related to the difference in microstructure of these a-SiN x :H films. The Si-rich (xϽ1.0) a-SiN x :H films behave more like a-Si:H films whose properties are dominated by the characteristic Si bond clustering. 39 The a-Si:H-like films have a high refractive index, a narrow band gap and a semi-conducting character and at high temperatures these films lose H atoms ͑see Fig. 6͒ and densification occurs. The connectivity of the Si-Si bonds is increased by enhanced Si-Si bond clustering. Consequently, the optical band gap decreases after the high temperature step. On the other hand, the behavior of the N-rich (xϾ1.0) a-SiN x :H films is quite different from that of the Si-rich counterparts. For the N-rich films, the majority of the bonds in the film network are the stronger Si-N bonds ͑bond energy: 3.45 eV͒, which replace the weaker Si-Si bonds ͑bond energy: 2.34 eV͒ when the ͓N͔/͓Si͔ ratio increases. The a-SiN x :H films get a stronger ionic-like covalent Si-N network ͑similar to a Si-O network͒ for increasing ͓N͔/͓Si͔ ratio and the stoichiometric silicon nitride (Si 3 N 4 ) is a well-known wideband-gap (ϳ5.1 eV) and high-density (ϳ3.3 g/cm 3 ) dielectric material. 39 Therefore, if densification occurs in the dielectric material, the optical band gap can increase while the refractive index increases. Brown et al. have observed also an increase in the absorption edge together with an increase in the refractive index for PECVD N-rich a-SiN x :H films after a rapid thermal anneal. 45 For near-stoichiometric (x ϭϳ1.33) a-SiN x :H, this unique behavior of the a-SiN x :H films has also been observed after thermal activation of a-SiN x :H by ultraviolet irradiation. 42
IV. DISCUSSION ON THE EFFECT OF THE FILM PROPERTIES ON THE BULK PASSIVATION OF MULTICRYSTALLINE SILICON SOLAR CELLS
In this section, the observations addressed in Sec. III will be related to previously reported experiments in which the performance of the a-SiN x :H films with respect to bulk passivating antireflection coatings on multicrystalline silicon so- lar cells has been investigated. 17 From this more insight into the mechanism of bulk passivation of solar cells by a-SiN x :H can be obtained.
The three types of the a-SiN x :H films described in Table  III have been applied to industrial-type mc-Si solar cells as bulk-passivating AR coatings. The specific deposition conditions have been chosen such that a refractive index of ϳ2.1 at 2 eV and a film thickness of ϳ75 nm is obtained. Generally, these film parameters yield an ''optimized'' single AR layer on the n ϩ p-type mc-Si cells (10ϫ10 cm 2 size, 330 m thick͒. The bulk passivation of the mc-Si solar cells by the a-SiN x :H films as induced by the firing process has been investigated by analyzing the internal quantum efficiency ͑IQE͒ of the cells. As also reported previously, 17, 18 bulk passivation has been observed for all three types of a-SiN x :H films as concluded from an enhancement of the IQE at long wavelengths ͑red response͒ compared to cells without bulk passivation. However, the degree of bulk passivation depends on the type of a-SiN x :H applied as shown in Fig. 10 . Figure 10 shows the relative IQE at 1020 nm for the three different a-SiN x :H films on mc-Si solar cells as a function of the mass density of the a-SiN x :H films. Because the mc-Si solar cells have been manufactured from neighboring wafers from the same ingot and have undergone the same processing, the relative IQE values can directly be compared with each other. Figure 10 suggests therefore that the degree of bulk passivation increases with increasing density of the a-SiN x :H films.
The correlation between bulk passivation and the film mass density as suggested by Fig. 10 implies that a larger loss of H atoms from the a-SiN x :H film by the firing process does not simply lead to a higher degree of bulk passivation in the mc-Si cells. For the ETP N 2 films, which show the largest loss in H concentration, the hydrogen species probably diffuse mainly out into the ambient instead of diffusing into the mc-Si material to passivate defects. This diffusion into the ambient is most probably facilitated by the lower mass density of the ETP N 2 films compared to the ETP NH 3 and MW NH 3 films and the related porous microstructure. Moreover, the results show that the hydrogen atomic density in the asdeposited a-SiN x :H film is not directly related to the degree of bulk passivation obtained. Apparently, not the amount of hydrogen but the process of out-/in-diffusion determines the degree of bulk passivation obtained by the SiN x :H film after firing. Consequently, a high atomic density and high thermal stability of the a-SiN x :H film appears to be one of the factors which are important for obtaining a high level of bulk passivation. A high thermal stability of a-SiN x :H films has also been reported to be important for high quality surface passivation of silicon. 46 More evidence for the relation between the atomic density of the a-SiN x :H film and the degree of bulk passivation is provided by an experiment in which an industrial-type of ETP reactor has been used. 47 As indicated in Fig. 10 , a solar cell coated with a-SiN x :H by this reactor revealed a higher degree of bulk passivation while the mass density of the a-SiN x :H ͑refractive index ϳ2.1) was also higher than for the other ETP deposited films described in this article. Furthermore, this experiment revealed that the bulk passivation quality obtained by the ETP technique is nearly as good as achieved with the ECN microwave technique.
Finally, we want to remark that a possible influence of aluminum-enhanced diffusion of hydrogen into the Si has not been addressed in this study. In the literature, it has been reported that the simultaneous firing process step of the a-SiN x :H and the formation of an Al back surface field on the back of solar cells enhances the hydrogen passivation of the bulk defects. 13, 15 This effect might have taken place during the production of the solar cells ͑containing an Al back surface field͒ 17 discussed in this section, but has not been studied in Sec. III in which the influence of the hightemperature step on the a-SiN x :H properties has been investigated.
V. CONCLUSIONS
The influence of the so-called firing process on the compositional and optical properties of high-rate remote plasma deposited silicon nitride films has been investigated. These a-SiN x :H films have an important application as antireflection coatings on mc-Si solar cells in which the firing of the metallization through the silicon nitride film leads to bulk passivation of the defects in the mc-Si. Three types of remote plasma deposited a-SiN x :H films have, therefore, been investigated before and after a high-temperature step that mimics the firing process: expanding thermal plasma deposited a-SiN x :H films from a N 2 -SiH 4 gas mixture, ETP deposited a-SiN x :H films from a NH 3 -SiH 4 mixture, and microwave plasma deposited a-SiN x :H films from a NH 3 -SiH 4 mixture. It has been observed that the high-temperature step can result in significant changes in the film properties. Hydrogen Table III . Furthermore, the relative IQE value and the corresponding mass density is given for a solar cell with a-SiN x :H film ͑refractive index ϳ2.1), which is deposited at high rate by an industrial-type ETP reactor ͑ETP indust.͒. The relative IQE values can directly be compared with each other because the solar cells have been manufactured form neighboring wafers from the same ingot and have undergone the same processing apart from the deposition of the a-SiN x :H. is released from the films and the atomic density of Si and N atoms increases while the ͓N͔/͓Si͔ ratio remains constant. This densification, which decreases the film thickness, is caused by a structural rearrangement of the film's network creating more Si-N bonds and leading to a higher refractive index. These thermally induced changes are most pronounced for Si-rich a-SiN x :H films and they are nearly absent for the N-rich a-SiN x :H films. The increase of refractive index by the high temperature process step leads also to a decrease in optical band gap for the Si-rich films and an increase in optical band gap for the N-rich films. The N-rich films deposited by the MW NH 3 -SiH 4 plasma, which have the highest atomic density show, however, almost no change after the high temperature step. These films have the highest thermal stability and this seems to be correlated to the high degree of bulk passivation in mc-Si solar cells obtained by these a-SiN x :H films. The results on the three different a-SiN x :H films suggest that the passivation quality is related to the material properties of the as-deposited a-SiN x :H films in which a high atomic density and high thermal stability of the films seem to be two important factors for obtaining a high degree of bulk passivation. 47 M. Bijker, private communication ͑2002͒.
